Deoxyribonucleic acid (DNA)-DNA hybridization was used to determine the relationships of Mycobacterium paratuberculosis and Mycobacterium avium to 24 mycobacterial strains representing seven species. Our results indicate that M . paratuberculosis should be considered a member of the same genomic species as M. avium and the wood pigeon bacillus. Mycobacterium scrofulaceum, which has been considered a member of the M . avium-Mycobacterium intracellulare-M. scrofulaceum complex on the basis of phenotypic characteristics, shows little DNA similarity to M . avium, M. intracellulare, or M. paratuberculosis.
Classification of the slow-growing mycobacteria on the basis of phenotypic characteristics has been a complicated and uncertain process. There is relatively little variability among strains thought to typify separate species, and there is significant variation in the phenotypic characteristics of isolates which appear to belong to the same species (26, (33) (34) (35) . This is particularly true of Mycobacterium paratuberculosis. Phenotypic variation within the species precludes identification of a clear pattern of biochemical responses in an Adansonian system. The characteristics exhibited by fresh isolates may change with storage or repeated passage (9, 26). Mycobactin dependency, hydrolysis of Tween 80, and catalase activity at pH 5 after heating are the characteristics which have been used to distinguish M . paratuberculosis from Mycobacterium avium. When these criteria are used, the wood pigeon bacillus (22, 33) resembles M . paratuberculosis rather than M . avium, as do some other M . avium isolates cultured from swine lymph nodes and lesions in birds (8, 22, 26, 33) .
Antibiotic susceptibility patterns have been used in attempts to distinguish M . paratuberculosis from M . avium. M . paratuberculosis is often susceptible to streptomycin and rifampin, as well as to neotetrazolium chloride, whereas M . avium is usually resistant to all three antibiotics. These responses are also variable (9, 34).
Mycobacterium scrofulaceum has often been included as a member of the M . avium-Mycobacterium intracellulare-M. scrofulaceum (MAIS) complex on the basis of phenotypic characteristics (35) , although the relationship of M. scrofulaceum to M . paratuberculosis has not been examined by other investigators.
There is a need for better methods of defining the relationship of M . paratuberculosis to other mycobacterial species. Although numerous investigations on mycobacterial deoxyribonucleic acid (DNA)-DNA hybridization have been reported (3-5,7, 10, 13, 16,17), most studies have not included M . paratuberculosis. McFadden et al. examined the DNA relatedness of M . paratuberculosis to acid-fast isolates from Crohn's disease patients and found 104% similarity (23). In the study described here we compared the DNA of M . paratuberculosis with the DNAs of other slow-growing members of the Mycobacteriaceae. * Corresponding author.
MATERIALS AND METHODS
Bacterial strains. The 24 mycobacterial strains used in this study are listed in Table 1 . The cells were grown in Middlebrook 7H9 medium supplemented with Dubos oleic-albumin complex (100 ml/liter) and 0.05% Tween 80 and were cultivated by standard methods (9). The M . paratuberculosis cultures were further supplemented with 2 mg of mycobactin J (Allied Laboratories, Inc., Ames, Iowa) per liter. Cells were pelleted by centrifugation at 6,000 x g for 15 min and were suspended in 10 M tris(hydroxymethy1)aminomethane-1 mM ethylenediaminetetraacetic acid (pH 8.0).
Preparation of mycobacterial DNA. Mycobacterial cells were lysed by one of two methods. Some strains were ruptured in a Ribi pressure cell, and others were mechanically disrupted in a Minibead Beater (Biospec Products, Bartlesville, Okla.) (15). In order to rupture cells in the Minibead Beater, 1 ml of a suspension of 50% bacterial cells in 10 M tris(hydroxymethy1)aminornethane-1 mM ethylenediaminetetraacetic acid (pH 8.0) was mulled for 3 min with 300 pl of distilled phenol and 200 pl of 0.1-mm zirconium beads supplied by the manufacturer (15). The crude cellular lysate which resulted from the application of either method was purified by the method of Marmur (21) as modified by Baess (2) to obtain purified DNA. Bound polysaccharides were removed by using cetyltrimethylammonium bromide. The DNA was determined to be free from protein and polysaccharides by measuring ratios of optical density at 260 nm to optical density at 280 nm and optical density at 260 nm to optical density at 230 nm (2).
DNA hybridization. Test DNA was radiolabeled by incorporating [32P]deoxycytidine via nick translation to a specific activity of 2 X lo5 cpm/pg (Bethesda Research Laboratories, Gaithersburg, Md.) (28) . DNA was heat denatured and hybridized at a concentration of 4 pg/ml under stringent conditions in 3~ SSC (0.45 M sodium chloride plus 0.045 M trisodium citrate, pH 7) containing 25% formamide against a 100-fold excess of unlabeled competitor DNA, as determined by absorbance at 260 nm (5). The hybridization mixtures were allowed to react overnight at 70°C based on an estimated guanine-plus-cytosine ratio of 65 mol% and a melting temperature of 95°C (8,23). Cold 10% trichloroacetic acid was used to precipitate the remaining double-stranded DNA after digestion with 1 U of nuclease S1 (Sigma Chemical Co., St. Louis, Mo.) per pg of DNA to remove the remaining single-stranded DNA in accordance with product specifications. ' National Animal Disease Center designation, not related to serovar.
The DNA similarity value for each reaction was calculated as a percentage of the total counts remaining in the autologous reaction, which was standardized at 1.00. Calf thymus DNA was hybridized against radiolabeled test DNA in each experiment to determine the background level of reannealing of the test DNA. Each hybridization experiment was per€ormed from three to five times. In each experiment triplilcate determinations were made.
RESULTS
The results of DNA-DNA hybridization experiments in iwhich we used radiolabeled M . paratuberculosis DNA hybridized under stringent conditions against an excess of M . mium DNA are shown in Table 1 . The levels of similarity of M . paratuberculosis DNA to DNAs from six different isolates of M . avium and the wood pigeon bacillus ranged from 1105 to 72% (Table 1) . One isolate of M . intracellulare (serovar 6) also exhibited a high degree of similarity to M . paratuberculosis (111%). M . intracellulare serovar 9 was less similar (64%).
On the basis of DNA relatedness, M . scrofulaceum, which is often grouped with M . avium and M . intracellulare in the IMAIS complex (14, 27, 29, 30, 35, 38) , showed little similarity to M . paratuberculosis (11 to 24%). This is approximately the same degree of similarity observed when M . paratuberculosis DNA was hybridized against M . bovis (10%). In experiments in which M. scrofulaceurn DNA was uced 3% the test strain DNA, radiolabeled, and hybridized against at1 excess of the other mycobacterial DNAs, the reciprocal also was apparent; M . scrofulaceum DNA showed little similarity to the DNAs of any of the mycobacterial strains tested except other isolates of M . scrofulaceum (Table I) .
DISCUSSION
M . paratuberculosis causes a disease of rriminanl s, Johne's disease, which presents a distinctive clinical picture (9, 11, 25). Although results can be variable, M . pnrotuberculosis isolates are generally distinguished from hrl. aviurn isolates on the basis of biochemical tests. M. pmQtriberculosis typically hydrolyzes Tween 80, maintains catalase activity at pH 5 after heating, and requires mycobactin supplementation for growth, in contrast to M . oviirm (25, 32-34). The colonies produced by this organism are usually rough and serologically nontypeable (8, 26, 35) . On the basis of the data presented in Table 1 , the two species are indistinguishable on the basis of DNA-DNA hybridization. These closely related groups of organisms should be considered biovars, differing in relatively few physiological characteristics.
The three mycobactin-dependent isolates of M . aviurn designated NADC 5, NADC 7, and NADC 9 are especially interesting. These organisms were mycobactin dependent on primary isolation from cattle; however, like M . paratuberculosis strain 18, they have become mycobactin independent after repeated transfers in the laboratory. Species designation for these isolates was based upon the initial appearance of colonies after 3 weeks rather than the 8 to 10 weeks common for primary isolation of M . paratuberculosis. It is clear that such isolates have been classified on the basis of minimal and sometimes conflicting phenotypic characteristics.
As suggested by Baess (3), some serovars of M. intracelMare are also homologous with M . avium and should be grouped accordingly. Most of these closely related isolates belong to the group of intermediate M . intracellulare serovars described by Anz et al. (1) . The degree of DNA similarity which one would expect to see among members of the same species is not firmly fixed. Other investigators have suggested a range of values of 69 to 100% (35) for members of the slow-growing Mycubacteriaceae and a range of 60 to 100% for bacterial species in general (19) . In the present study we confirmed the findings of Baess that M. intracellulare serovar 6 should be reclassified (4). M . intracellulare serovar 9 remains sufficiently distinct by these criteria (35) to be classified with the remaining M. intracellulare isolates as a separate species (Table 1) .
Isolates of M . scrofulaceum have been classified as members of the M. avium complex on the basis of variable pigmentation, surface antigens, and biochemical reactions (14, 29). On the basis of thin-layer chromatography studies of the lipids of M . scrofulaceum, it has been proposed that these organisms should be classified as pigmented forms of M . intraceflulare (18, 27) . Similarities have also been detected in mycobactin structure among members of the MAIS complex. Although Barclay et al. found that M . avium, M . intracellulare, and M . scrofulaceum all elaborate mycobactins unique in possessing two alkyl chains instead of one, they noted that the two chains found in the mycobactin of M . scrofulaceum differ in the position of the double bond in the R1 alkyl chain (6).
Other workers have questioned the incorporation of M . scrofulaceurn into the MAIS complex on the basis of phenotypic characteristics alone and have concluded that this organism appears to be sufficiently distinct to justify its status as a separate species not associated with the M . avium-M. intracellulare complex (20, 24, 31, 36, 37) . In particular, Baess (4) examined two M . scrofulaceum isolates in her study of DNA relatedness among slow-growing mycobacteria and found that they were not closely related to the M . avium isolate used (34 to 41%). In the present study each of seven closely related strains of M. scrofulaceum exhibited a high degree of DNA relatedness to the test strain of M. scrofulaceum serovar 43 (107 to 88%). This is consistent with the discrete phenotype of M . scrofulaceum that has led some authors to identify such isolates as a distinct species not associated with the M. avium-M. intracellulare complex (12).
It is also interesting that there was little relatedness between M . paratuberculosis DNA and the DNA of any of the M . scrofulaceum strains examined. Reciprocal hybridizations in which we used M . scrofulaceum serovar 43 as the labeled test strain confirmed the lack of DNA similarity between M . scrofulaceum and other members of the putative MAIS complex (Table 1 ). An examination of the DNA relatedness of the species shown in Table 1 confirms that M . scrofulaceum should not be grouped with M . avium and M .
intracellulare .
The fact that there was a high degree of DNA relatedness between M . paratuberculosis and both M . avium and some serovars of M. intracellulare suggests that these organisms should be grouped together as biovars of a single species in a M . avium-M. intracellulare-M. paratuberculosis complex. The wood pigeon bacillus, a previously undesignated mycobacterial species, should be included in this complex, possibly as a variant of M . paratuberculosis, since it bears a strong phenotypic and biochemical resemblance to M . paratuberculosis and is indistinguishable by DNA hybridization.
